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Preface

Computer Systems offers a clear, detailed, step-by-step exposition of the central
ideas in computer organization, assembly language, and computer architecture. The
book is based in large part on a virtual computer, Pep/8, which is designed to teach
the basic concepts of the classic von Neumann machine. The strength of this
approach is that the central concepts of computer science are taught without getting
entangled in the many irrelevant details that often accompany such courses. This
approach also provides a foundation that encourages students to think about the
underlying themes of computer science. Breadth is achieved by emphasizing com-
puter science topics that are related to, but not usually included in, the treatment of
hardware and its associated software.

Summary of Contents

Computers operate at several levels of abstraction; programming at a high level of
abstraction is only part of the story. This book presents a unified concept of com-
puter systems based on the level structure of Figure P.1.

The book is divided into seven parts corresponding to the seven levels of Fig-
ure P.1:

Level App7 Applications
Level HOL6 High-order languages

Level ISA3 Instruction set architecture
Level Asmb5 Assembly

Level OS4 Operating system

Level LG1 Logic gate

Level Mc2 Microcode

The text generally presents the levels top-down, from the highest to the lowest.
Level ISA3 is discussed before Level Asmb5 and Level LG1 is discussed before
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Level Mc2 for pedagogical reasons. In these two instances, it is more natural to
revert temporarily to a bottom-up approach so that the building blocks of the lower
level will be in hand for construction of the higher level.

Level App7 Level App7 is a single chapter on application programs. It presents
the idea of levels of abstraction and establishes the framework for the remainder of
the book. A few concepts of relational databases are presented as an example of a
typical computer application. It is assumed that students have experience with text
editors or word processors.

Level HOL6 Level HOLG consists of one chapter, which reviews the C++ pro-
gramming language. The chapter assumes that the student has experience in some
imperative language, such as Java or C, not necessarily C++. Advanced features of
C++, including object-oriented concepts, are avoided. The instructor can readily
translate the C++ examples to other common Level HOLG6 languages if necessary.

The topic of recursion is treated in this chapter because it depends on the mech-
anism of memory allocation on the run-time stack. A fairly detailed explanation is
given on the details of the memory allocation process for function calls, because
this mechanism is revisited at a lower level of abstraction later in the book.

Level ISA3 Level ISA3 is the instruction set architecture level. Its two chapters
describe Pep/8, a virtual computer designed to illustrate computer concepts. The
Pep/8 computer is a classical von Neumann machine. The CPU contains an accu-
mulator, an index register, a program counter, a stack pointer, and an instruction
register. It has eight addressing modes: immediate, direct, indirect, stack-relative,
stack-relative deferred, indexed, stack-indexed, and stack-indexed deferred. The
Pep/8 operating system, in simulated read-only memory (ROM), can load and exe-
cute programs in hexadecimal format from students’ text files. Students run short
programs on the Pep/8 simulator and learn that executing a store instruction to
ROM does not change the memory value.

Students learn the fundamentals of information representation and computer
organization at the bit level. Because a central theme of this book is the relationship
of the levels to one another, the Pep/8 chapters show the relationship between the
ASCII representation (Level ISA3) and C++ variables of type char (Level HOLG6).
They also show the relationship between two’s complement representation (Level
ISA3) and C++ variables of type int (Level HOLO6).

Level Asmb5 Level AsmbS5 is the assembly level. The text presents the concept
of the assembler as a translator between two levels—assembly and machine. It
introduces Level Asmb5 symbols and the symbol table.

The unified approach really comes into play here. Chapters 5 and 6 present the
compiler as a translator from a high-order language to assembly language. Previ-
ously, students learned a specific Level HOL6 language, C++, and a specific von
Neumann machine, Pep/8. These chapters continue the theme of relationships
between the levels by showing the correspondence between (a) assignment state-
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ments at Level HOL6 and load/store instructions at Level Asmb5, (b) loops and if
statements at Level HOL6 and branching instructions at Level Asmb3, (c) arrays at
Level HOL6 and indexed addressing at Level Asmb5, (d) procedure calls at Level
HOLG6 and the run-time stack at Level Asmb5, (e) function and procedure parame-
ters at Level HOLG6 and stack-relative addressing at Level Asmb3, (f) switch state-
ments at Level HOL6 and jump tables at Level Asmb5, and (g) pointers at Level
HOLG6 and addresses at level Asmb5.

The beauty of the unified approach is that the text can implement the examples
from the C++ chapter at this lower level. For example, the run-time stack illustrated
in the recursive examples of Chapter 2 corresponds directly to the hardware stack in
Pep/8 main memory. Students gain an understanding of the compilation process by
translating manually between the two levels.

This approach provides a natural setting for the discussion of central issues in
computer science. For example, the book presents structured programming at Level
HOLG6 versus the possibility of unstructured programming at Level Asmb5. It dis-
cusses the goto controversy and the structured programming/efficiency tradeoff,
giving concrete examples from languages at the two levels.

Chapter 7, Language Translation Principles, introduces students to computer
science theory. Now that students know intuitively how to translate from a high-
level language to assembly language, we pose the fundamental question underlying
all of computing: What can be automated? The theory naturally fits in here because
students now know what a compiler (an automated translator) must do. They learn
about parsing and finite state machines—deterministic and nondeterministic—in the
context of recognizing C++ and Pep/8 assembly language tokens. This chapter
includes an automatic translator between two small languages, which illustrates lexi-
cal analysis, parsing, and code generation. The lexical analyzer is an implementation
of a finite state machine. What could be a more natural setting for the theory?

Level OS4 Level OS4 consists of two chapters on operating systems. Chapter 8
is a description of process management. Two sections, one on loaders and another
on trap handlers, illustrate the concepts with the Pep/8 operating system. Five in-
structions have unimplemented opcodes that generate software traps. The operating
system stores the process control block of the user’s running process on the system
stack, and the interrupt service routine interprets the instruction. The classic state
transition diagram for running and waiting processes in an operating system is thus
reinforced with a specific implementation of a suspended process. The chapter con-
cludes with a description of concurrent processes and deadlocks. Chapter 9 de-
scribes storage management, both main memory and disk memory.

Level LG1 Level LGI uses two chapters to present combinational and sequential
circuits. Chapter 10 emphasizes the importance of the mathematical foundation of
computer science by starting with the axioms of boolean algebra. It shows the rela-
tionship between boolean algebra and logic gates, and then describes some common
SSI and MSI logic devices, including a complete logic design of the Pep/8 ALU.
Chapter 11 illustrates the fundamental concept of a finite state machine through the
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state transition diagrams of sequential circuits. It concludes with a description of
common computer subsystems such as bidirectional buses, memory chips, and two-
port memory banks.

Level Mc2 Chapter 12 describes the microprogrammed control section of the
Pep/8 CPU. It gives the control sequences for a few sample instructions and
addressing modes and provides a large set of exercises for the others. It also pre-
sents concepts of load/store architectures contrasting the MIPS RISC machine with
the Pep/8 CISC machine. It concludes with performance issues by describing cache
memories, pipelining, dynamic branch prediction, and superscalar machines.

Use in a Course

This book offers such broad coverage that instructors may wish to omit some of the
material when designing the course. Chapters 1-5 should be considered core. Selec-
tions can be made from Chapters 6 through 12.

In the book, Chapters 1-5 must be covered sequentially. Chapters 6 (Compil-
ing to the Assembly Level) and 7 (Language Translation Principles) can be covered
in either order. I often skip ahead to Chapter 7 to initiate a large software project,
writing an assembler for a subset of Pep/8 assembly language, so students will have
sufficient time to complete it during the semester. Chapter 11 (Sequential Circuits)
is obviously dependent on Chapter 10 (Combinational Circuits), but neither depends
on Chapter 9 (Storage Management), which may be omitted. Figure P.2, a chapter
dependency graph, summarizes the possible chapter omissions.

@
e @ Figure P.2
@ O @ A chapter dependency graph.

Support Materials
The support material listed below is available from the publisher’s web site

http://computersystems. jbpub.com

Pep/8 Assembler and Simulator The Pep/8 machine is available for MS
Windows, MacOS, and Unix/Linux systems. The assembler features

= an integrated text editor,

= error messages in red type that are inserted within the source code at the
place where the error is detected,
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= student-friendly machine language object code in hexadecimal format,
= the ability to code directly in machine language, bypassing the assembler,

= the ability to redefine the mnemonics for the unimplemented opcodes that
trigger synchronous traps.

The simulator features

= simulated ROM that is not altered by load instructions,

= a small operating system burned into simulated ROM that includes a loader
and a trap handler system,

= an integrated debugger that allows for break points, single step execution,
CPU tracing, and memory tracing,

= the option to trace an application, the loader, or the operating system in any
combination,

= a user-defined upper limit on the statement execution count to recover from
endless loops,

= the ability to modify the operating system by designing new trap handlers for
the unimplemented opcodes.

Computer Systems Figures Every figure in the book is enlarged and pro-
vided in PDF format for use in lecture presentations.

Solutions Manual Solutions to selected exercises are provided in an appendix.
Solutions to the remaining exercises are available to instructors who adopt the
book. For security reasons, the solutions are available only in hardcopy form
directly from the publisher.

Changes to the Third Edition

This edition is a substantial revision of the previous. Many users of the second edi-
tion had requests for features to add to Pep/7, most of which were quite reasonable.
Incorporating them was possible only by a complete redesign of the ISA level,
which impacted virtually every chapter, many of which were entirely rewritten.
There are too many improvements to list here, but the major ones are as follows:

= Improved ISA level for Pep/8—The number of addressing modes has
increased from four to eight, allowing simplification of the translation pat-
tern from C++ to assembly language. The CPU is simpler, as there is no
longer a base register, and translation patterns are now uniform. Some trans-
lations require fewer instructions, such as accessing global arrays and pass-
ing global variables by reference. Other translations in this edition were
impossible with Pep/7, such as accessing local arrays and passing local vari-
ables by reference. The new modes permit an expanded coverage of local
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and global pointers with complete programs that can allocate from a simple
heap.

= Improved C++ semantics—One impact of the ISA changes is to illustrate
more translation patterns. A more significant impact is that the translation
process now emphasizes the C++ memory model, specifically the difference
between global variables allocated at a fixed address in memory, local vari-
ables allocated on the run-time stack, and dynamic storage allocation from
the heap.

= Improved assembly language syntax—The Pep/7 assembly language has a
nonstandard designation for constant values. Pep/8 follows what has become
the de facto standard notation for many assemblers. It adheres in general to
the C/C++ and gcc conventions. Namely, decimal constants are not prefixed,
hexadecimal constants are prefixed with 0x, character constants are enclosed
in single quotes, string constants are enclosed in double quotes, and back-
slash quoting is provided in the usual way.

= Improved OS in simulated ROM—The Pep/8 operating system stored in
simulated ROM has been refactored to bring two substantial improvements
over the Pep/7 operating system: a new general addressing mode assertion
routine and a unified operand computation routine. Both of these features not
only make the operating system easier to understand, but also make it shorter
because of less duplication of code. A new trap instruction provides null-ter-
minated string output.

= Improved Pep/8 CPU design—The data section of the Pep/7 CPU has many
deficiencies that are corrected in Pep/8. The biggest problem in the second
edition is the computation of the status bits, which requires an inordinate
number of cycles to execute. The new hardware is much more efficient and
allows for more instructive examples.

= New topics—A new chapter on computer organization discusses the con-
struction of a microprogrammed level for Pep/8. It now uses the MIPS
machine to contrast load/store architectures with Pep/8-style accumulator
machines, and describes cache memories, pipelining, superscalar machines,
and many other hardware topics not in the second edition.

= Improved historical coverage—New sidebars in this edition cover influential
people in the history of computing. Each chapter highlights one or two people
who were instrumental in developing some aspect of computing described in
that chapter. The historical narrative is woven around the biographical infor-
mation of the people.

A unique feature of the book that is retained in the third edition is its breadth of
topics. With the additional depth of coverage in the compiler translation process, it is
of greater use to those who continually ask the question, “What is the place of as-
sembly language programming in the computer science curriculum?” The third edi-
tion gives the same answer as the second—to provide a depth of understanding about
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the architecture of the ubiquitous von Neumann machine. The additional chapter on
computer organization makes the new edition a better contender for the computer
organization course as well. However, Computer Systems retains its unique goal to
provide a balanced overview of all the main areas of the field, including the integra-
tion of software and hardware and the integration of theory and practice.

Computing Curricula 2001

The ACM and IEEE Computer Society have established Curriculum 2001 guide-
lines for Computer Science. The guidelines present a taxonomy of bodies of knowl-
edge with a specified core. Computer Systems applies to the category Architecture
and Organization (AR) and covers practically all of the core topics from the AR
body of knowledge. The AR core areas from the preliminary report, together with
the chapters from this text that cover each area, are

ARI. Digital logic and digital systems, Chapters 10, 11, 12

AR2. Machine level representation of data, Chapter 3

AR3. Assembly level machine organization, Chapters 4, 5, 6

AR4. Memory system organization and architecture, Chapters 9, 11
ARS. Interfacing and communication, Chapters 8, 9

ARG6. Functional organization, Chapters 11, 12

AR7. Multiprocessing and alternative architectures, Chapter 8
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